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Abstract 
A structural similarity between spermidine/putrescine-binding protein and maltose-binding protein has been predicted by a sequence-structure 
compatibility method. The sequence alignment obtained by this method revealed a consensus sequence motif located on the surface loop between 
the first cc-helix and the second B-strand, and the further analysis identitied a similar motif in iron-binding protein. The conservation of this motif 
among certain bacterial pcriplasmic binding proteins suggests a common functional role for this region as well as an evolutionary relationship between 
them. 
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1. Introduction 
Spermidine/putrescine-binding protein (SPBP; sper- 
midine/putrescine transport protein D) is the periplasmic 
component of the spermidine/putrescine transport sys- 
tem of E. coli [l]. Its three-dimensional (3D) structure is 
unknown, and no significant sequence similarity with 
other proteins has been noted. However, the structures 
of several periplasmic binding proteins have been solved 
by X-ray crystallography [2-81, and although they show 
a variety of ligand specificities and lack significant se- 
quence similarity, their structures share a similar pol- 
ypeptide chain fold. Therefore, it is interesting to know 
whether SPBP is also a member of this structural super- 
family. 
Recently, several authors have developed methods for 
evaluating the compatibility of a sequence with a 3D 
structure [9-161. Using these methods, one can fre- 
quently identify the most likely structure of a protein 
from a library of known structures. In the present work, 
we applied a new version of our original method [16] to 
the prediction of SPBP. 
*Corresponding author. Fax: (81) (6) 872 8210. 
Abbreviations: SPBP, spermidinelputrescine-binding protein; MBP, 
maltose-binding protein; IBP, iron-binding protein; ABP, arabinose- 
binding protein; GGBP, galactose/glucose-binding protein; RBP, ri- 
bose-binding protein; LBP, leucine-binding protein, SBP, sulfate-bind- 
ing protein; PBP, phosphate-binding protein; 3D, three-dimensional; 
lD, one-dimensional. 
2. Materials and methods 
2.1. Evaluation of protein 30-10 compatibility 
To evaluate the compatibility of a one-dimensional (1D) amino acid 
sequence with a 3D structure, the evaluation function was used, which 
consists of four terms: side-chain packing, solvation, hydrogen-bonding 
and local conformation [16]. The side-chain packing term has been 
improved to take into account the angle as well as the distance between 
side chains. Between the side chains of two residues i and j, the angle 
was defined by the sum of the angles C#(i)-Ca(i)-es(i) and C/I(j)-ti(i)- 
C/I(i), where Cp(i) denotes the C/I atom of the residue i, and so on (the 
details will be published elsewhere). To align a 1D sequence and a 3D 
structure, a residue position dependent amino acid scoring table (or 3D 
profile) was made in the same manner as done in references [1 1] and 
[12]. According to the alignment thus derived, the 3D-1D compatibility 
score was calculated using the above function. 
2.2. Motifsearch 
The NBRF-PIR sequence database (sections 1 and 2 of release 38, 
30 Sep 1993; 43,658 sequences, 13,021,641 residues) was searched for 
proteins with the motif initially identified from the 3D-1D compatibil- 
ity search. In the search, small conservative substitutions were allowed. 
For all subsequences of the same length, similarity scores were meas- 
ured by the PAM250 matrix of Dayhoff et al. [17]. If a subsequence 
showed more than 85% of the score for the exact match with the motif, 
then it was retained. 
2.3. Sequence comparison 
The Needleman-Wunsch method [18] and the PAM250 matrix [17] 
were used for the comparison of amino acid sequences. Statistical sig- 
nificance of the similarity between sequences was evaluated by a jum- 
bling test with 100 pairs of randomized sequences. 
3. Results and discussion 
The amino acid sequence of SPBP was compared with 
13 1 structures whose sequence identities with one 
another were less than 30%. This dataset included the 
following bacterial periplasmic binding proteins: mal- 
tose- (MBP) [2], sulfate- (SBP) [3], arabinose- (ABP) [4], 
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Fig. 1. Aligmnem of the SPBP sequence with the MBP structure. ‘-’ in the sequence denotes a gap inserted for the optimal alignment. Secondary 
structures (a-helices and /?-strands) were defined for MBP using the DSSP program [20], and were named following Spurlino et al. [2]. ‘:’ denotes 
residue conservation. Residues of MBP which were reported to be involved in ligand binding [2] are indicated by ‘*‘. Residues of SPBP which might 
be involved in ligand binding are indicated by ‘+‘. Note that residue numbering for MBP here is different from Table 2, where the 26 amino acid 
signal sequence is included. 
galactose/glucose- (GGBP) [5], ribose- (RBP) [6], and 
leucine- (LBP) [7] binding proteins. Coordinate data for 
the structures were taken from the Brookhaven Protein 
Data Bank [19]. Compatibility scores for the structures 
were calculated and expressed in units of standard devi- 
ations above the mean. MBP showed an extremely high 
compatibility score (-3.66), and this suggested that 
SPBP may adopt a similar structure (see Table 1 for top 
10 scores). Of the periplasmic binding proteins, SBP 
showed the second highest compatibility score (-1.87). 
This is consistent with the observation by Spurlino et al. 
[2] that SBP is more similar in structure to MBP than 
ABP, GGBP, RBP and LBP. X-ray analysis of SPBP is 
now in progress (S.Sugiyama and K.Morikawa, personal 
communication), and their results will enable us to assess 
the efficacy of our method. 
SPBP sequence was aligned with MBP structure (Fig. 
1). The signal sequence of SPBP (residues Met 1 to Ala23) 
was successfully flanked in the N-terminal region of 
MBP, in which the matured sequence was used in the 
alignment. The strands G, H and helix XIV (see Fig. l), 
which were reported to form a small domain in MBP [2], 
are missing in SPBP. It was reported that, in MBP, hy- 
drogen-bonds and van der Waals contacts with maltose 
are mainly formed by charged or aromatic residues from 
the loops located in the cleft between the two domains 
[2]. According to the alignment shown in Fig. 1, the 
following residues of SPBP might be involved in the 
ligand binding: Trp34, GAUGE, lyr37, Ty?, Tyrs6, Arg170 
and Glu17’. 
The alignment of SPBP and MBP revealed a highly 
conserved sequence motif in the loop region between the 
first cc-helix (helix I) and the second /?-strand (strand B); 
Table 1 
The compatibility of the SPBP sequence with known structures; 131 
structures were compared and sorted in order of their compatibility 
scores. The best 10 structures are listed below. 
Rank Structure PDB code Compatibility 
score 
1 Maltose-binding protein 1OMP -3.66 
2 p-Hydroxybenzoate hydroxylase 1PHH -2.01 
3 Isocitrate dehydrogenase 31CD -1.97 
4 Sulfate-binding protein 1SBP -1.87 
5 Actin 1ATN (A) -1.83 
6 Ribose-binding protein lDR1 -1.57 
I Galactose/glucose-binding protein 2GBP -1.55 
8 Phosphofructokinase 1PFK (A) -1.53 
9 Malate dehydrogenase 4MDH (A) -1.50 
10 Leucine-binding protein 2LBP -1.50 
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Fig. 2. SPBP sequence is threaded onto MBP structure according to the alignment shown in Fig. 1. Residues of the consensus motif are noted by 
black balls. Those which might be involved in spermidine/putrescine binding are noted by white balls. The drawing was produced with MOLSCRIPT 
WI. 
the conserved motif spans residues 53 to 61 
(‘FEKDTGIKV’) of MBP and residues 46 to 54 (‘FT- 
KETGIKV’) of SPBP. To see whether the motif has a 
possible functional or evolutionary meaning, the NBRF- 
PIR sequence database was searched, with ‘FT- 
KETGIKV’ and ‘FEKDTGIKV’ as queries. Out of 
43,658 sequences in the database, only 8 were found to 
have similar sequence patterns (Table 2). These proteins 
were: SPBP from E. coli; MBPs from E. co& Entero- 
batter aerogenes and Salmonella typhimurium; IBPs from 
Serratia marcescens, Neisseria meningitidis and Neisseria 
gonorrhoeae; and methyltransferase (EcoRII) from 
Methanobacterium thermoformicicum plasmid pFV1. Ex- 
cept for EcoRII, which might represent noise in the data- 
base search, all the proteins were periplasmic binding 
proteins of Gram-negative bacteria. They covered all 
SPBP, MBP and IBP sequences from different sources. 
The sequence similarity of IBPs (whose 3D structures are 
unknown yet) to MBPs and SPBP is also a new fmding. 
From the sequence alignment, a consensus pattern of 
‘F(T/E)(K/R/Q)(D/E/A)TGIKV’ was observed, where 
(T/E) denotes T or E, and so on. This motif was located 
at similar positions in their sequences (Table 2), whose 
total lengths are also similar (ranging from 330 to 396). 
The high specificity of the conserved motif to the three 
periplasmic binding proteins SPBP, MBP and IBP sug- 
gests a common functional role of the motif in the trans- 
port systems. By superimposing this region onto the 
MBP structure, we observe that the motif is located on 
the surface loop of the N-terminal domain, which is 
apart from the ligand-binding cleft (Fig. 2). The motif 
might be involved in the interactions with the membrane 
components of the transport system [ 1,2], rather than the 
ligand binding function. 
Pairwise sequence comparison between periplasmic 
binding proteins showed low sequence identities by less 
than 25% for most of the pairs (Table 3). However, the 
jumbling test detected statistical signticance of 4 stand- 
ard deviation units or more among SPBP, two IBPs and 
MBP, whereas no clear significance was found with other 
periplasmic binding proteins. This is consistent with the 
structural classification made by Spurlino et al. [2], 
where MBP and SBP are categorized differently from the 
other binding proteins (i.e. ABP, GGBP, LBP, PBP and 
RBP) of known structure. Together with the 3D-1D 
compatibility and the existence of the conserved se- 
quence motif, a weak-but-overall similarity in sequence 
suggests that SPBP, MBP and IBP have a close evolu- 
tionary relationship with each other as well as a common 
structural framework as depicted in Fig. 2. 
In conclusion, the structure of SPBP was predicted 
with a new technique using the 3D-1D compatibility. 
The prediction suggested possible ligand-binding resi- 
Table 2 
Proteins which have sequence patterns similar to ‘FTKETGIKV’ or 
‘FEKDTGIKV 
PIR code Protein Residues Sequence 
D40840 E. coli SPBP 4654 FTKETGIKV 
JGECM E. coli MBP 5361 FEKDTGIKV 
so5330 Enterobacter aerogenes MBP 5361 FEKDTGIKV 
so533 1 Salmonella typhimurium MBP 5361 FEQDTGIKV 
QRSEUA Serratia marcescens IBP 51-59 FTKDTGIKV 
B60816 Neisseria meningitidis IBP 42-50 FTRATGIKV 
S10256 Neisseria gonorrhoeae IBP 42-50 FTRATGIKV 
S26445 Methanobacterium ther- 4&48 FEKNHGIKI 
moformicicum plasmid pFV1 
methyltransferase (EcoRII) 
26 
Table 3 
I: Matsuo, K. NishikawalFEBS Letters 345 (1994) 23-26 
Sequence similarity among periplasmic binding proteins; SPBP (E. colz), IBP from Serratia marcescens (sIBP) [22] and Neisseria meningitidis @BP) 
[23], MBP (E. cob), SBP (SalmoneNa typhimuritun), RBP (E. colt), ABP (E. colz’), GGBP (E. colt+), LBP (E. colz), and phosphate-binding protein (PBP) 
from E. coli [24]. The upper right triangle shows the signi6cance of the sequence similarity in units of standard deviations above the mean derived 
from jumbling tests. The lower left triangle shows 96 sequence identity. 
SPBP sIBP nIBP MBP SBP RBP ABP GGBP LBP PBP 
SPBP 4.35 4.49 2.38 3.49 0.82 
sIBP 22.5 25.89 4.87 0.29 0.75 
nIBP 21.8 37.9 4.71 2.57 1.37 
MBP 22.1 23.1 25.8 1.72 0.75 
SBP 20.7 20.4 21.7 21.0 0.73 
RBP 22.1 24.4 21.0 23.2 18.1 
ABP 19.7 17.7 17.0 18.7 19.7 24.4 
GGBP 19.7 17.2 18.8 19.4 16.5 26.9 
LBP 14.2 16.3 19.4 20.5 18.4 22.5 
PBP 16.8 20.6 19.9 21.5 18.4 21.8 
0.84 
0.42 
1.08 
1.61 
1.25 
8.30 
22.0 
17.0 
15.1 
0.17 
-0.48 
1.56 
0.19 
2.82 
10.50 
5.83 
19.7 
15.2 
-0.56 0.94 
0.82 1.38 
0.73 0.68 
1.22 1.37 
0.81 1.48 
2.02 0.90 
1.09 1.60 
1.36 -1.99 
1.19 
18.4 
dues, and revealed a consensus motif in a surface loop. 
The results would be helpful for planning mutational 
experiments, such as substituting functional residues pre- 
dicted whether or not the protein function is accordingly 
modulated. 
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